A model fully coupling the flow, species transport, and electrochemical kinetics in polymer electrolyte fuel cells is presented to explore operation undergoing very large density and velocity variations. Comparisons are also made to a previous constant-flow model, which neglects the mass source/sink from the continuity equation and assumes constant gas density. Numerical results reveal large density ͑Ͼ50%͒ and velocity ͑Ͼ80%͒ variations occurring in the anode at anode stoichiometry of 1.2. In addition, the hydrogen concentration remained as high as the inlet owing to deceleration of the anode gas flow. Finally, the constant-flow model is accurate within 14% under common operating conditions, i.e., for anode stoichiometry ranging from 1.2 to 2.0. © 2005 The Electrochemical Society. ͓DOI: 10.1149/1.1851059͔ All rights reserved. Mathematical modeling of polymer electrolyte fuel cells ͑PEFCs͒ has been a rapidly growing field of research.
Mathematical modeling of polymer electrolyte fuel cells ͑PEFCs͒ has been a rapidly growing field of research. 1 Grossly, previous models may be categorized into three groups. The first group, [2] [3] [4] [5] [6] mostly earlier work, focused on electrochemical modeling in one or pseudo-two dimensions. Gas flow and density along anode and cathode channels were either ignored or assumed to remain constant and uniform throughout a PEFC.
The second group was based primarily on the computational fluid dynamics ͑CFD͒ approach, where two-or three-dimensional solutions were obtained by solving transport equations governing conservation of mass, momentum, species, energy, and charge. The multidimensional flow fields in anode and cathode gas channels were solved independently and provided as an input to the species and energy equations. This group of models recognized that, under normal operating conditions, flow and density fields in gas channels remain approximately invariable. Thus, a simplification was made to neglect the mass source/sink term in the continuity equation and assume a constant gas density in the momentum equation. This yielded decoupling of the flow field from the species, electric potential, and temperature fields, thereby significantly accelerating the calculations. Possible inaccuracy introduced by this splitting of the problem may occur on the anode side; however, the hydrogen concentration profile is relatively unimportant as the anode overpotential is typically negligible. In addition to reducing memory and computational requirements, this splitting of the fuel cell problem has the added advantage of allowing for the consideration of different cell voltages/current densities for the same flow field. Notable work in this category is the single-phase models proposed by Garau et al. 7 and Wang and co-workers. [8] [9] [10] [11] These models included a detailed description of water and proton cotransport as well as electrochemical reactions in the membrane electrode assembly ͑MEA͒. Further, the model of Um et al. [8] [9] [10] 12 has been successfully applied to large-scale simulations using parallel computing 13 as well as to the study of complex flow and transport phenomena in a 50 cm 2 PEFC. 14 The decoupling of flow field from the species concentration field becomes impossible in PEFCs operated with large density and velocity variations, e.g., under ultralow anode stoichiometry. Simulation of such extreme conditions calls for the third group of models where the gas flow field is fully coupled with electrochemical and transport equations. A representative work in this category is due to Dutta et al. 15, 16 who proposed a model considering variable gas density and mass source/sink in the continuity equation. Unfortunately, all simulations in Ref. 15 and 16 were shown for cases with small density variation ͑less than 15%͒ along the channel. In addition, the velocity variation along the channel may affect the water distribution by convection, thus influencing cell performance especially under low-humidity operation. Accurate capturing of water transport and distribution in PEFCs also requires a detailed MEA model, which was absent in the work of Dutta et al. 15, 16 Büchi and Scherer 17 experimentally showed a strongly nonlinear water content profile prevailing in the Nafion membrane, and Kulikovsky 18 numerically demonstrated the paramount importance of accounting for nonlinear water transport through the membrane. Meng and Wang 13 further pointed out that ohmic and transport losses in the catalyst layer are significant, especially for MEAs with thinner membranes, such that the catalyst layer cannot be treated as an interface without thickness. Most recently, Wang and Wang 19 indicated that water accumulation in a membrane of finite thickness controls the transient response of a PEFC.
The objective of this work is twofold. One is to expand upon the single-phase model of Um et al. [8] [9] [10] by including variable density and mass source/sink term in the continuity equation. This variableflow model then fully couples flow, transport, and electrochemical processes as well as including a detailed MEA model. Our focus here is to apply this comprehensive model to explore PEFC behaviors under very large density ͑Ͼ50%͒ and velocity variations ͑Ͼ80%͒. Second, we compare the present full model with the previous constant-flow model to ascertain the validity range of the latter.
Physical and Numerical Model
The fuel cell to be modeled includes the following subregions: the gas channels, gas-diffusion layers ͑GDLs͒, and catalyst layers in the anode and cathode sides, and membrane in the middle. Fuel and oxidant are conveyed by channel flows and distributed onto the anode and cathode. Reactants pass through the respective GDLs and reach the catalyst layers where electrochemical reactions occur. The membrane plays the dual role of a gas separator and an electrolyte, dividing the fuel and oxidant flows, and acting as the protonconducting medium. In addition, the membrane allows water transport by diffusion and electro-osmotic drag so that there is a mass exchange of water through the membrane between the two gas streams.
A steady-state, isothermal model of PEFCs consists of four principles of conservation: mass, momentum, species, and charge [8] [9] [10] Continuity
where u is the superficial velocity in the porous media and the variable mixture density may be expressed as the function of molar concentrations of the components
The continuity equation for the gas mixture, Eq. 1, also may be obtained by summing up all species equations. That is, performing operation of ͚ k (M k ϫ Eq.3͒ yields
Comparing with Eq. 1, one has
In the above equations, the diffusion terms contain contributions from the gas and membrane phases. Assuming the sum of multicomponent gas diffusion terms is equal to zero and separating out the water diffusion term through the membrane phase, one arrives at
where C w m is the molar concentration of water in the membrane phase, and D w,m is the modified diffusion coefficient for water dif- 
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fusion through the ionomer if expressed in terms of the gradient in the gas-phase molar concentration with Bruggeman correlation accounting for the tortuosity effect, i.e.
In the catalyst layer, ⑀ e is the ionomer volume fraction whereas it is unity in the membrane. Note also that there is an electro-osmotic drag term contained in the species source term for H 2 O. Thus, physically Eq. 9 indicates that the mass source consists of the consumption or production of species due to electrochemical reactions as well as the water transport fluxes through the membrane due to diffusion and electro-osmotic drag. Details on the water transport model in the membrane have been given in Ref. [8] [9] [10] 12 and thus are not repeated here. A similar water transport model through the membrane was also presented by Kulikovsky. 18 We choose Eq. 3 to solve for water and oxygen molar concentrations, and then calculate the concentrations of hydrogen and nitrogen by ideal gas law
This approach of indirectly solving for the hydrogen concentration is valid for a binary gas (H 2 /H 2 O) anode. In this situation, the H 2 O species equation along with the ideal gas law ͑i.e., Eq. 11͒ provides a sufficient number of equations for two unknowns: H 2 and H 2 O molar concentrations. Note also that hydrogen is strictly conserved in this approach.
The model equations and their physical, transport, and electrochemical properties are summarized in Tables I-III in detail. It is instructive to estimate the transverse gas velocity induced by the mass source/sink and the ensuing convection effect on species transport. In the one dimension across the GDL and catalyst layer, integration of the continuity equation in the anode results in
Here, v is the velocity component in the through-plane direction and ␣ the net water flux per proton through the membrane, which is a combined effect of electro-osmotic drag and back diffusion. If we define the Peclet number as a parameter to measure the relative strength of this transverse convection to molecular diffusion, it follows that
for I ϭ 1.0 A/cm 2 , ␦ GDL ϭ 0.3 mm, and ␣ ϭ 0.1. This indicates that the convection effect due to transverse flow is small as compared to the diffusive transport.
Variable-flow vs. constant-flow models.-Note that the model described above fully couples the mass, momentum, and species equations through various source terms and variable density. The flow Table II . Source terms for the conservation equations in each region. 8 
S
n d is the electro-osmotic drag coefficient for water. For H 2 and O 2 , n d ϭ 0. 
field determined by the mass and momentum equations, Eq. 1 and 2, is strongly affected by the electrochemical processes via the mass source term, S m , and variable density. This is hence termed variable-flow model. An elegant simplification of this full model is to neglect the mass source in the continuity equation and assume a constant gas density in the momentum equation. It follows that Eq. 1 and 2 are simplified to
and 15 then yield a flow field that is dependent only on the inlet flow boundary condition and channel geometry, regardless of any electrochemical process occurring in a PEFC. This simplified model, termed the constant-flow model herein, effectively decouples the flow field from the species ͑with reaction͒ and potential equations, thereby significantly accelerating calculations and reducing memory requirements. Both models will be compared in the next section to assess possible inaccuracy introduced by the constantflow model.
Boundary conditions.-Seven unknowns: u, P, C O 2 , C w , and e are involved in the coupled differential governing equations, Eq. 1 through 4, that require boundary conditions.
Flow inlets.-The inlet velocity u in in a gas channel is expressed by the respective stoichiometric flow ratio, i.e., a or c , defined at the reference current density,
where A a and A c are the flow cross-sectional areas of the anode and cathode gas channels, respectively and u in,a and u in,c the inlet velocities of the channels. The inlet molar concentrations, C k a and C k c , are determined by the inlet pressure and humidity according to the ideal gas law.
Outlets.-Fully developed or no-flux conditions are applied
Walls.-No-slip and impermeable velocity condition and no-flux conditions are applied
Numerical procedures.-The governing equations are solved by the commercial CFD software package, Fluent ͑version 6.0.12͒, with SIMPLE ͑semi-implicit pressure linked equation͒ algorithm. 20 The source terms and physical properties are incorporated into a UDF ͑user-defined functions͒, based on the software's user-coding capability. 21 The mesh of a single-channel PEFC employed in this work is shown in Fig. 1 with the anode and cathode in coflow. Geometrical and operating parameters of this PEFC are listed in Table IV . About 100,000 (51 ϫ 100 ϫ 20) computational cells are used to capture the complex electrochemical and physical phenomena in the PEFC. In addition, overall species mass balance is checked besides the equation residuals as important convergence criteria. These species balance checks also ensure physically meaningful results to be obtained. In all the simulations presented in the next section, values of species mass imbalance ͑i.e., H 2 , O 2 , and H 2 O) are all less than 0.1%.
Results and Discussion
Two limiting conditions representative of common PEFC operation, i.e., anode stoichiometry of 1.2 and 2.0, were chosen to display detailed calculation results with the cathode stoichiometry fixed at 2.0. Other operating conditions are listed in Table IV . Particularly, we are interested in exploring the low-humidity operation ͑i.e., RH a /RH c ϭ 50%/0%), where water transport characteristics in the anode may be altered by variable flow under large density and velocity changes, thereby affecting the cell performance. Table V tion, water electro-osmotic drag, and water back diffusion. The integral of each curve represents the ratio of the total mass source/sink in the catalyst layer to the anode inlet flow rate. For stoich a ϭ 2.0, the anode loses a large amount of mass in the first quarter of the channel due to water electro-osmotic drag across the membrane, and gradually gets mass back from back diffusion of water in the latter part of the fuel cell. Compared with the mass source due to water, hydrogen contribution is negligibly small. In addition, it can be seen in Fig. 2 that the two water sources due to electro-osmotic drag and diffusion, respectively, almost cancel each other starting from the dimensionless distance of 25% into the channel, making the total mass source small in the last three-quarters of the channel. In stoich a ϭ 1.2, it can be seen from Fig. 2 that the anode always loses mass to the cathode and magnitude of the total mass source is significant not only in the first quarter but also the last quarter of the channel. Figure 3 shows streamwise variations of the average axial velocity and density in gas channels predicted by the variable-flow model for stoich a ϭ 2.0. The density in the cathode decreases only by 4% along the channel, while that in the anode deceases by 12% over the first quarter of the length, then increases back by ϳ30% from the lowest density. The negligible variation in the cathode gas density is expected as nitrogen is a diluent of dominant composition. The large density variation in the anode stems from the large density contrast of hydrogen to water vapor. In addition to the density change, the velocity variation along the fuel cell length is more dramatic. Figure  3 shows that the anode average velocity decreases by nearly 50%, while the cathode velocity changes by 9%. Again, the small variation in the cathode velocity may be explained by the much larger density of the cathode gas stream. Figure 4 shows the same density and velocity profiles for stoich a ϭ 1.2. Now, the density and velocity changes become much more severe due to the much smaller anode flow rate, amounting to greater than 50 and 80%, respectively. As a result of the large change in the axial velocity, species transport in the anode channel dominated by convection may be quite different from that in a constant flow. Figure 5 compares the average water/hydrogen molar concentrations along the anode gas channel for stoich a ϭ 2.0, between the variable-flow and constant-flow models. The most remarkable difference is in the hydrogen concentration profile. The variable-flow model predicts an almost flat profile and H 2 molar concentration retains about the inlet value. In contrast, the constant-flow model predicts a sharply declined H 2 profile. This is because in the constant-flow model, the flow rate does not decrease as in the variable-flow model and consequently the concentration must be lowered to satisfy hydrogen consumption by the anode reaction. This dramatic difference in hydrogen concentration, however, does not impact the overpotential for hydrogen oxidation reaction ͑HOR͒ as the reaction is sufficiently facile under both concentrations. As compared with hydrogen, the water concentration profiles predicted by both models are much closer. They look similar also in that the water concentration decreases near the inlet due to dominance of electro-osmotic drag and then increases due to enhanced back diffusion. Figure 6 compares similar profiles for stoich a ϭ 1.2. The same trends discussed above prevail except that the differences between the two models are enlarged, as expected. Figure 7 presents water/oxygen molar concentrations averaged in the cathode gas channel for stoich a ϭ 2.0. Compared with Fig. 5 , differences on the cathode side between the two models are much smaller due largely to the lesser variation in density and axial velocity in the cathode as shown in Fig. 3 . Interestingly, the water distributions are almost identical whereas there is little difference in the oxygen profiles between the two models. Note that the average current densities in this comparison for stoich a ϭ 2. cathode, as shown in Fig. 8 . In the anode GDL, the magnitude of the velocity is about 0.005 m/s, and hence the Peclet number, v␦ GDL /D, of ϳ0.15. This is consistent with the estimate presented in Eq. 13 and indicates that diffusive transport of species dominates in the GDL. Figure 8 also shows the cross-sectional density distribution and indicates that the density is smaller in the anode catalyst layer as a result of the lower water concentration due to electro-osmotic drag. In addition, density variation in the through-plane direction is within 7%. On the cathode side, Fig. 8 shows that the transverse velocity is nearly ten times smaller than that in the anode. Thus, the convection effect in the cathode GDL can be safely ignored. In addition, the density variation in the cathode is less than 2%. Figure 9 shows the cross-sectional velocity vectors and water concentration contours at the midlength of the cell. At this location, strong back diffusion of water occurs, as evident from the higher water concentration on the cathode side. The back diffusion then offsets the electro-osmotic drag, thus leading to a much smaller transverse flow than in Fig. 8 . Figure 10 shows the cross-sectional velocity vectors and pressure contours in the outlet region. This location also features strong back diffusion of water, thus yielding a transverse flow pattern similar to Fig. 9 . In addition, because there is flow in the porous media, there exist pressure variations in GDLs and catalyst layers. The maximum pressure drop across the GDL and catalyst layer is around 12 and 220 Pa, respectively, in comparison to the operating pressure of 2 ϫ 10 5 Pa. Another observation from Fig. 10 is that there exists a pressure difference between the two surfaces of the membrane, even though the gas stream pressures are equal on the two sides. While depending on the permeability of the catalyst layer, a pressure difference of 220 Pa is possible as presented in Fig. 10 . Figure 11 shows the profiles of hydrogen concentration in the through-plane direction for stoich a ϭ 2.0 near the inlet and at the midlength of the cell. Only part of the gas channel is included to show more details in the porous GDL and catalyst layer. At the midlength of the cell, both curves under the land and channel exhibit a decline from the GDL toward the catalyst layer, indicative of a diffusion-reaction process. In addition, there is lower hydrogen concentration under the land than the channel due to the land blockage on species transport. However, near the inlet region, both curves under the land and channel reveal a totally opposite trend: hydrogen concentration increases from the channel, to the GDL, and to the catalyst layer, while the concentration under the land is higher than under the channel. The reverse profile results clearly from the strong transverse flow existing in the region. Nonetheless, the weak effect of convection leads only to a very slight increase in the H 2 concentration. Figure 12 presents contours of water content in the middle membrane for stoich a ϭ 2.0, which determines the ionic resistance of the fuel cell. Here water content is defined as the number of water molecules per sulfonic group in the membrane. The distributions from the two models are similar in most parts of the membrane. A difference appears in the outlet region, where higher water content is indicated for the variable-flow model, which is ascribed to the higher water concentration in the anode channel as shown in Fig. 5 . In addition, near the inlet area, water content predicted by the variable-flow model is a little higher, which can be explained by convection induced by the transverse flow in the anode GDL as shown in Fig. 8 .
The distributions of local current density from the two models are compared in Fig. 13 , showing that the current density contours are again similar for the most part. Similar to Fig. 12 , differences arise in the outlet and inlet regions. The difference in the average current density between the two models is less than 10% for stoich a ϭ 2.0 and 0.625 V.
Using the polarization curve as a figure of merit, Fig. 14 attempts to establish the validity range of the constant-flow model. First, a comparison is made in Fig. 14 between the two models for stoich a ϭ 2.0 at 0.5 A/cm 2 and full humidification of both anode and cathode. No appreciable difference is observed, demonstrating that the constant-flow model is a physically sound and computationally advantageous model for PEFCs operated under high to full humidification. For low-humidity operation ͑e.g., RH a/c ϭ 50%/0%), we examined the anode stoichiometric ratios of 1.2 and 2.0. As seen from Fig. 14, the differences in the average current density are less than 14 and 10% for the anode stoichiometry of 1.2 and 2.0, respectively. Note also that the two polarization curves at stoich a ϭ 1.2 are ter- 
Conclusions
A three-dimensional, multicomponent model of PEFCs has been developed to fully couple the flow field with transport and electrochemical processes, with focus on studying operation with very large density and velocity variations. Numerical simulations were carried out for a single-channel PEFC operated under common conditions with the anode stoichiometry setting to 1.2 and 2.0, respectively, and the results were compared with the previous constantflow model. Simulation results indicate that the density and velocity along the anode channel may change by more than 50 and 80%, respectively. Deceleration of the anode gas flow under low anode stoichiometry is a major finding from the present full model. As a result of anode flow deceleration, the hydrogen concentration remains high. Despite all these dramatic differences in the anode density, flow, and H 2 concentration, the variable-flow and constant-flow models yield similar water and current distributions for anode stoichiometry as low as 1.2. The error in the average current density predicted by the constant-flow model is less than 10 and 14% for the anode stoichiometry of 2.0 and 1.2, respectively, thus supporting the applicability of the constant-flow model under common PEFC operation. Selective contours of density, pressure, and water concentration were also provided to illustrate the fundamental flow and transport processes occurring in PEFCs undergoing large density and velocity changes. 
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